Abstract. The response of a granular material during a stop-and-go shear experiment is investigated using an annular shear cell and silicagel powders of different particle sizes. The experimental results are examined on the basis of the Dieterich-Rice-Ruina model for solid friction. In addition to making this analogy with solid friction, we describe a new instability that is observed when restarting shear, where the powder bed is found to slip and compact for short hold times but only dilates for long hold times. The minimum hold time to restore a non-slip behaviour has been investigated for different size particles and normal loadings. The observed dependencies show analogies between this behaviour and the sliding rearrangements seen above the stick-slip threshold.
Introduction
The mechanical resistance of bulk solids to flow and its temporal evolution is an important topic for the correct handling and storage of these materials. At low shear rates, and for non-cohesive powders, the behaviour observed is similar to solid friction where the shear stress τ necessary to make the powder move is proportional to the normal stress σ. However, the internal coefficient of friction, µ = τ /σ, is not single-valued since, the coefficient of friction to start the flow µ s is greater than the dynamic coefficient of friction µ d , necessary to maintain the sliding at constant velocity. Stop-and-go shear experiments at constant normal loading may demonstrate such behaviour [1] . These consist in interrupting the sliding for a hold time T before restarting shear. The shear stress then goes through a maximum, which increases logarithmically with the hold time.
In solid friction, the first physical explanation for this ageing is the plastic creep of the contact points between the two surfaces (due to the increase of the real area of contact and to the ageing of the adhesive junction at interface). Some recent experiments using polymer glasses at temperatures up to the glass transition temperature confirm these hypotheses [2, 3] . A second origin is the condensation of humidity, which leads also to a logarithmic strengthening with time [4, 5] . In this case, ageing should a e-mail: deryck@enstimac.fr vanish in dry air, which is what Dieterich and Conrad have observed in rock friction [6] .
These two mechanisms also apply in granular friction. But, in this case, there is a third possibility where friction can be changed by small rearrangements between the grains during the creep phase. These rearrangements have been observed numerically in loading experiments [7, 8] and shown experimentally by direct imaging in a 2D granular assembly [9] .
Here, we present some experimental results of stopand-go shear experiments for non-cohesive silicagel powders, showing not only this strengthening but also a new temporal behaviour, not previously reported in the case of solid-solid friction. In Section 2, some results of the phenomenological model of solid friction developed by Dieterich, Rice and Ruina [10, 11] are introduced in order to present the granular-friction results given in this paper. In Section 3, the experimental set-up and granular materials are presented. In Section 4, the mechanical response of these granular materials during steady-state shear experiments is detailed. Finally, Section 5 describes and discusses the stop-and-go shear experiments.
Theoretical background 2.1 The Dieterich-Rice-Ruina model
Logarithmic ageing is embedded in the phenomenological state-and-rate model formulated by Dieterich, Rice
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The European Physical Journal E and Ruina to describe rock-rock friction. This model has been developed from the following experimental evidences: a) The steady-state sliding coefficient of friction decreases logarithmically with the sliding velocity V for numerous materials. b) The static coefficient of friction increases logarithmically with the contact time between the two solid bodies. c) When a jump is imposed in the driving velocity, the friction force relaxes to its new value over a characteristic distance D, which is of the order of a micrometer. The Dieterich-Rice-Ruina model can be written as [10, 11] 
where µ 0 is the steady-state coefficient of friction at the sliding velocity V 0 . a and b are two numerical constants which depend on the material. φ is the age of the contact. Its evolution is given by equation (2) 
Dynamics on an axisymmetric geometry
Disregarding inertia, the equilibrium of a frictional annulus of internal and external radii R i and R o entrained by an elastic motor at the rotational velocity ω reduces to
where r is the radial co-ordinate. Γ α is the torque developed by the spring of which the angular deformation is α and the elastic constant is Γ . In practical cases, the elasticity comes from the elasticity of the drive motor and the elastic contacts between the two surfaces. This elasticity has a feedback on the friction force since the latter depends on the sliding velocity. We have
Onset of instability
If the sliding velocity is taken to be constant at the shear plane (R o /R i → 1), a linear stability analysis of the system (Eqs. (1) to (4)) shows that it becomes unstable in the case of a velocity weakening force (b > a) when the normal stress σ is higher than the threshold value:
At this threshold, the system oscillates with a pulsa-
. More generally, taking into account the radial dependency of the sliding velocity leads to a threshold value σ , which depends both on the ratio a/b and on the ratio R o /R i . Figure 1 gives the correction in percentage between σ and σ 1 and for the pulsation Ω . It can been concluded from this figure that the hypothesis of constant sliding velocity remains a good approximation for radii ratios R o /R i up to 2, or when the coefficient a is close to b. When not mentioned, the coefficient of friction will be considered as constant in the shear plane and evaluated from the expression 3Γ α/2πσ(R 
Creep relaxation
If the motor is stopped from a steady-state regime (α = α s and φ = φ s are constant) at t = 0, the angle α decreases to insure the continuity of the sliding velocity. We then have dα/dt(t = 0+) = −ω and dφ/dt(t = 0) = 0. (The continuity of the latter is due to Eq. (2).) The time derivative of equation (3) 
at the beginning of the relaxation. Equation (7) means that the coefficient of friction decreases logarithmically like µ − µ s = −a ln(1 + t/t 0 ) ,
with t 0 = 2πσ(R
